One sentence summary: The authors showed that addition of plant extract to a defined medium resulted in patterns of virulence-associated gene expression that more closely mimicked in-plant conditions than did defined medium alone.
INTRODUCTION
Xanthomonas campestris is a complex species formed by over 140 pathovars, which are pathogenic variants within a species, defined by a group of host plants and/or tissue specificity. Xanthomonas campestris pv. campestris (Xcc) is of high economic importance since it causes black rot disease that affects all crucifer plants (members of the Brassicaceae family), causing severe losses in production (Vauterin et al. 1995; Vorholter et al. 2003; Ryan et al. 2011) .
The genome sequences of X. campestris have been determined for three isolates of Xcc (da Silva et al. 2002; Qian et al. 2005; Vorholter et al. 2008) , and the analysis of pathogenicity genes revealed four important gene clusters: xps cluster encoding a type II secretion system; gum cluster encoding xanthan synthesis; regulation of pathogenicity factors (rpf) cluster that regulates pathogenicity factors and hrp cluster that encodes the type III secretion system and is responsible for the hypersensitive response in the plant and pathogenicity (Arlat et al. 1991; Alfano and Collmer 1997; Ryan et al. 2011; Kakkar et al. 2015) . The type III secretion system is important for the infection process, since this system transfers effector proteins directly into the host cells. In general, the hrp cluster is suppressed in complex growth medium and induced in the plant or in media that simulate the intracellular contents of the host (Arlat et al. 1991; Schulte and Bonas 1992a,b; Alfano and Collmer 1997; Wengelnik, Rossier and Bonas 1999; Castaneda et al. 2005; Lorenz et al. 2008; Ryan et al. 2011) . Pioneer studies of pathogenicity genes in Xanthomonas using a defined medium were performed by Schulte and Bonas (Schulte and Bonas 1992b) and focused on the hrp cluster. These authors showed that the expression of this cluster was repressed in rich media and its induction in minimal media was dependent on low concentrations of phosphate and sodium chloride, as well as the presence of sucrose or fructose as a carbon source, and sulfur-containing amino acid. As a result, a minimal medium called XVM1 was developed for in vitro expression studies of hrp genes (Schulte and Bonas 1992b) .
To better understand the infection process in response to host defense, several studies followed using minimal media (in vitro systems), in an attempt to mimic the plant cell, as well as in planta systems (Mehta and Rosato 2001; da Silva et al. 2002; Mehta and Rosato 2003; Tahara, Mehta and Rosato 2003; Vorholter et al. 2003; Bogdanove et al. 2011; Jiang et al. 2013; Liu et al. 2015; Santos et al. 2017) . Both systems have certain limitations; on one hand, the in vitro system is not able to provide the complexity of the apoplastic environment (Preston 2017 ) and on the other hand, in the in planta system, a low amount of bacterial cells can be recovered from the plant and a high number of plant compounds (debris and proteins) are detected in the samples (Santos et al. 2017 ).
An intermediate assay for in vitro analysis involves the addition of host-derived compounds, such as leaf extract. Indeed this system has been used in order to get closer to the in planta condition (Mehta and Rosato 2001; Tahara, Mehta and Rosato 2003; Astua-Monge et al. 2005; Kim et al. 2016) . However, little information is available regarding the comparison of genes expressed in vitro and in planta and is limited to a few genes. Therefore, the objective of the present work was to compare the different growth systems, using quantitative reverse transcription -polymerase chain reaction (qRT-PCR) approach, to detect the induction of genes involved in pathogenicity. In this study, well-known pathogenicity genes, including hrp, rpf and Avirulence (avr) were selected, as well as genes identified in proteomic studies previously conducted by our group (argD, carB, clp, clpX, fabH, fabV, ilvC and ssb; Santos et al. 2017) . This study, together with the results of previous investigations, allows us to give one step forward in knowledge and support the use of a simple in vitro assay for plant-pathogen interaction studies as a valid choice to mimic in vivo conditions.
MATERIALS AND METHODS

In planta system-infiltration of Xcc in Brassica oleracea leaves
Xanthomonas campestris pv. campestris isolate Xcc 51, obtained from the culture collection of Embrapa Hortaliç as was grown on nutrient yeast glycerol (NYG) medium (Daniels et al. 1984) . Brassica oleracea susceptible cultivar Veloce (commercialized by Agristar do Brasil, Santo Antônio de Posse, SP, Brazil) was maintained in greenhouse conditions, and young leaves were used in this study. Fifty plants were seeded and after 45 days of sowing, nine plants showing similar growth were selected for the in vivo assay (bacterial recovery). Xcc 51 was pre-cultured in 5 mL of NYG and 500 μL of the pre-culture was added to 50 mL of NYG medium in 250 mL Erlenmeyer flasks. Cells were centrifuged, suspended in saline solution (NaCl 0.85%) and adjusted to OD 600 = 0.6 (about 3 × 10 8 CFU/mL). This bacterial solution was used to infiltrate the leaves with a needle-free syringe.
Initially, a population dynamics study in planta was performed in order to verify the bacterial growth. The infiltration was made in one inoculation point at the abaxial leaf blade. A total of five biological replicates were performed. Plants were challenged with independently prepared cells grown from a master cell stock. Leaf discs of 0.8 cm in diameter were excised at 0, 24, 48, 72 and 120 h after inoculation (hai), macerated in 1 mL of water and plated onto Petri dishes in appropriate dilutions. A total of three technical replicates per dilution were performed and colony forming units (CFU) were counted.
For the in planta expression analysis, the bacterium recovery from the plant was performed according to Mehta and Rosato (Mehta and Rosato 2003) , with some modifications. At 48 hai (time point with the highest amount of bacterial cells), 15 leaves from three plants (five leaves from each plant) were collected. The infiltrated areas were cut using a sterile razor blade in Petri dishes containing 25 mL of deionized water and maintained at room temperature for 25 min. The water containing the bacterial cells was filtered under vacuum using filter paper (Millipore, Bedford, MA, USA) and again in 5 μm filters (Minisart R , Sartorius, Goettingen, Germany). The recovered bacterial suspension was centrifuged, and the bacterial pellet was frozen in liquid nitrogen and maintained at -80
• C for RNA purification.
In vitro systems-Xcc cultured in different growth media
Different in vitro systems were used in this study and compared to the in vivo growth condition. The rich medium NYG was used, as well as the minimal medium XVM1. To evaluate the effector induction in Xcc 51, we used XVM1, modified XVM1 (XVM1 100 mM NaCl) to inhibit effector induction (Schulte and Bonas 1992b) , used as the control, and XVM1 with plant extract, prepared from leaves of the susceptible host Veloce (B. oleracea). The plant extract was prepared from plants grown in a greenhouse for 45 days. The leaves were collected, washed several times with sterile distilled water and 10 g of fresh leaves without the midribs were cut into small pieces and triturated in 100 mL of distilled water using a hand blender (Philips). The homogenate was filtered using 0.45 and 0.22 μm membranes (Millipore, Bedford, MA, USA) and stored at -20 • C. The extract was added to XVM1, hereafter called XVM1 * , to obtain a final concentration of 1 mg leaves (fresh weight)/mL medium (Mehta and Rosato 2001; Tahara, Mehta and Rosato 2003) . Thus, we analyzed the induction of effectors in Xcc 51 under four in vitro conditions. A growth curve was determined for all four media, and the mid-exponential phase was used to collect cells for further analysis using a spectrophotometer (Eppendorf BioPhotometer R , Hamburg, Germany). A total of three independent experiments were performed from independently prepared cells grown from a master cell stock. 
Purification of RNA and cDNA synthesis
Total RNA was extracted using hot acid phenol method (Aiba, Adhya and de Crombrugghe 1981) . RNA quantification was performed using the spectrophotometer NanoDrop R (ND-1000 UV-Vis -Thermo Fisher, Waltham, MA, USA). The integrity of total RNA was confirmed by electrophoresis. Before cDNA synthesis, RNA was treated with Turbo DNAse (Applied Biosystems/Ambion, Foster City, CA, USA) according to the manufacturer's instructions to eliminate any possible contamination with genomic DNA. cDNA was synthesized from 1 μg of total RNA using the kit Go Script Reverse Transcription System (Promega, Madison, WI, USA) according to the manufacturer's instructions. The cDNA samples were stored at -20
• C for further analyses.
PCR primer design
The primers specific to genes encoding effectors and proteins involved in pathogenicity of Xcc were chosen according to the results obtained in our research group (Santos et al. 2017 ) and based on the literature (Table 1) . These oligonucleotides were designed to meet the following parameters: primer size up to 21 nucleotides, amplicon size between 90 and 110 bp, melting temperature of 58
• C-60
• C for each primer, absence of hairpins and absence of nonspecific amplification (Srivastava et al. 2011) . Primer 3 software (Untergasser et al. 2012 ) was used to design all the primers, and the absence of nonspecific amplification and hairpins was evaluated using the software OligoAnalyzer 3.1 (Owczarzy et al. 2008) .
qRT-PCR and data analyses
The qRT-PCR experiments were performed in the thermal cycler 7300 Real-Time polymerase chain reaction (PCR) System (Applied Biosystems, Foster City, CA, USA). The reaction consisted of Fast SYBR R Green Master Mix (Applied Biosystems), 0.2 μM of each primer (forward and reverse) and 2 μL single stranded cDNA (diluted 20X) corresponding to each sample. The PCR program used was one step at 95
• C for 10 min to activate the Taq polymerase enzyme (hot start), 95
• C for 15 s, 60
• C for 60 s repeated for 40 cycles. The denaturation curve-melting curvewas held after the end of the amplification to verify the presence of nonspecific products or primer dimmers. The program used was 95
• C for 60 s and an increase of 0.3
All experiments were performed using three independent biological replicates. Three technical replicates were performed for each biological replicate. The qRT-PCR reactions were performed in 96-well plates, and in each plate a negative control with no cDNA template was included to ensure the absence of contami- nation. Reactions with DNAse-treated RNA were also performed to confirm the absence of DNA contamination. The raw data of fluorescence for all runs were imported into the Real-time PCR Miner software (Zhao and Fernald 2005) in order to determine the quantification cycle value and the PCR efficiency. The analyses of expression and statistics were performed using the Relative Expression Software Tool (REST) software (Pfaffl, Horgan and Dempfle 2002) . To compare the differences in expression between the groups, t-test was used with four degrees of freedom, n = 9 (three biological and three technical replicates for each biological replicate) and 95% of confidence.
RESULTS AND DISCUSSION
Growth of Xcc in planta and in vitro
According to the literature, most studies of Xanthomonas species have been performed in vitro, which raises the doubt if culture media are able to reproduce what occurs in vivo. Here different growth conditions were compared in order to determine whether growth medium could be improved to better match in planta conditions beyond that offered by the defined minimal medium XVM1. Initial experiments were directed at evaluating bacterial growth in the different conditions. In order to determine the sampling point with the highest number of Xcc cells in planta, a population dynamics analysis was performed. The results revealed that at 48 hai the bacterial cells reached maximum growth, which was 1 × 10 7 CFU/cm 2 (Fig. 1a) . For the in vitro system using minimal media, Xcc growth was monitored for 72 h and cell density was evaluated every 12 h during this period (Fig.  1b) . According to the data obtained, the mid-exponential phase reached OD 600nm = 0.5 during growth in XVM1, XVM1 100 mM NaCl and XVM1 * media. In NYG medium, the mid-exponential phase was obtained at OD 600nm = 0.8. These results are in accordance with data reported in the literature for the growth of Xanthomonas sp. in these media (Tahara, Mehta and Rosato 2003; Liu et al. 2013 ).
qRT-PCR analyses
According to our previous publications and data from the literature, we chose several genes involved in pathogenicity in order to verify their expression under in vitro and in vivo growth conditions. The qRT-PCR and statistical analyses of the results were carried out with the REST software (Pfaffl, Horgan and Dempfle 2002), using as the internal control the combination of adk (adenylate kinase; da Silva et al. 2002; Lu et al. 2009 ) and acpP (acyl carrier protein; Huang, Zhang and Birch 2000; da Silva et al. 2002) genes, determined with the assistance of geNorm software (Vandesompele et al. 2002) . The amplification efficiencies were determined individually for each sample by Real-time PCR Miner software (Zhao and Fernald 2005) and were above 90% for all genes evaluated (90%-95%). The relative expression of Xcc genes was calculated relative to the control (Xcc grown in XVM1 100 mM NaCl), which does not induce the hrp genes (Schulte and Bonas 1992b) . After determination of relative gene expression, a statistical analysis was performed to determine the difference in relative expression of Xcc grown in the in vitro and in planta systems. Genes were considered up-regulated, down-regulated or unchanged (Fig. 2) , according to the statistical analysis of the REST software.
The main purpose of this work was to validate the closest growth system to a host plant infection condition. For that, we evaluated the gene expression of several genes, including genes from the hrp cluster hrpA, hrpG and hrpX, which were selected as positive controls since they have been well studied in minimal media and in planta.
hrpA (adenosine triphosphate [ATP]-dependent helicase) acts in the pilus synthesis, while hrpG and hrpX are expression regulators of this cluster (Alfano and Collmer 1997; Su et al. 2016) . The expression profile of these genes showed, as expected, an up-regulation in Xcc grown in XVM1, XVM1 * and in planta, when compared to the control. Interestingly, the fold change of hrpA was 275 in planta, 180 in XVM1 * and 46 in XVM1 (Fig. 2) , showing that the expression in planta was much higher than in the in vitro systems and that XVM1 * profile was closest to that observed in planta. The hrpG and hrpX genes were also up-regulated when compared to the control; however, hrpG expression was not statistically different in XVM1, XVM1 * and in planta and the maximum fold change was of 8. On the other hand, hrpX expression showed a maximum fold change of 69 in XVM1 * and 75 in planta with no statistical difference among them, while the fold change in XVM1 was 17. The work performed by Guo et al. (Guo et al. 2011) showed that hrpG and hrpX play important roles in coordinating different categories of genes. They also suggest that these genes interact with an overall signaling network and coordinate the expression of multiple virulence factors for modification and adaption of host environment during Xanthomonas axonopodis pv. citri infection. In Xanthomonas oryzae pv. oryzae, it has been shown that the expression of hrpA and hrpX is not dependent on sugar source, differently from the others genes of this cluster . This could explain the lower expression of hrpX in XVM1 and its induction by plant compounds in XVM1 * and in planta, showing the efficiency of XVM1 * .
Genes of the rpf cluster were also evaluated due to their role in the Xcc infection process, acting in cell-to-cell signaling [2] . The selected genes of this cluster were rpfB (long chain of fatty acyl CoA ligase), rpfC (sensor kinase), rpfG ('two-component' sensor regulator pair) and rpfH (putative membrane protein; Barber et al. 1997; He and Zhang 2008) . All four rpf genes analyzed are involved in a coordinated system for the production of virulence factors by diffusible extracellular factor-(DSF) mediated cell-cell communication (Warwick et al. 2007) . In this mechanism, rpfB is responsible for generating a signal to rpfC and rpfG acting in the perception and transduction of the signal. It was reported that a mutation in rpfB suppressed the production of DSF (He and Zhang 2008) , but rpfH together with rpfC (Slater et al. 2000) and rpfG acted as positive regulators of EPS (synthesis of extracellular polysaccharides) and DSF (He and Zhang 2008) . The relative expression of these genes showed a fold change near 15 for Xcc in planta, except for rpfG, which reached a fold change of 137, whereas the fold change in XVM1 was 16 and in XVM1 * was 64. The expression profiling of these genes ( Fig. 2) suggests that the activation of rpfG is triggered by environmental factors (Barber et al. 1997) , associated with the growth medium XVM1 that mimics the intracellular plant environment, XVM1 * with plant extract and in the host itself, showing the role of host molecules in its up-regulation, especially in the in planta condition. Avr proteins are well-known effectors secreted by the type III secretion system (da Silva et al. 2002; Ignatov et al. 2002; Castaneda et al. 2005; Xu et al. 2008; Ho et al. 2013) . In this study, we evaluated the relative expression of avrBs2, avrXccCFm and xopAc. Studies suggested that the three genes play important roles in pathogenicity/race specificity and that xopAc could be related to Xcc's capacity to colonize the host xylem (Castaneda et al. 2005; Vicente and Holub 2013) . The gene expression profile showed an up-regulation of avrBs2 and xopAc in all conditions, but the expression in NYG and XVM1 did not differ statistically. For avrBs2, the expression in XVM1 * and in planta was not statistically different, whereas for avrXccFm and xopAc the fold change in planta was higher than in XVM1 * . These results support the hypothesis that xopAc is linked to the ability of Xcc to colonize the host xylem, and this hypothesis could explain the difference between the fold change of xopAc in Xcc grown in XVM1 * and in planta.
All the genes mentioned above are well-known pathogenicity genes. The results obtained showed that XVM1 * (XVM1 + leaf extract) provides a closer approximation than does XVM1 alone to in planta conditions and therefore offers an improved in vitro model for bacteria-plant interactions. We were also interested in evaluating other genes previously identified by our proteomic studies in planta (Santos et al. 2017) . Therefore, in this study we evaluated some genes encoding proteins involved in the metabolism of Xcc, increased during the interaction Xcc-Brassica oleracea, since proteins involved in amino acids biosynthesis and metabolism in general have important roles in the virulence of the pathogen (Lima et al. 2008) . We analyzed the interaction between Xcc and B. oleracea by liquid chromatography-tandem mass spectrometry and identified unique and increased proteins potentially involved in pathogenicity, including ArgD, CarB, Clp, ClpX, FabH, FabV, IlvC, IroN, PurC and Ssb. The corresponding genes were previously analyzed by qRT-PCR in planta and showed an increased expression when compared to growth in NYG (Santos et al. 2017) . In this study, we evaluated the expression of these genes in different culture media and in the presence of plant extract. We also analyzed in planta using a different susceptible cultivar of B. oleracea.
Among the genes analyzed, we can highlight argD, clp, iroN, fabV and purC, which did not show a statistical difference in expression during growth in XVM1 * and in planta and showed a high fold change when compared to the other growth media (Fig. 2) . All of these genes have been implicated in virulence. For example, Ramos et al. (Ramos et al. 2014) revealed that a mutation in argD of Erwinia amylovora caused reduced virulence. Similarly, a mutation in purC affected the expression levels of diverse proteins involved in purine and pyrimidine synthesis, carbon and energy metabolisms, iron uptake, proteolysis, protein secretion and signal transduction (Yuan et al. 2013) . Clp (CRP-like protein) is a conserved global regulator playing an important role in regulation of virulence factor production (He et al. 2007; Warwick et al. 2007) and iroN is a TonB-dependent receptor, a membrane protein acting in cell signaling (Ryan et al. 2011) . Interestingly, the results obtained in this study showed that the expression profiles of all genes analyzed showed an increased expression under in planta conditions, and in several cases, a similar profile was obtained in the presence of plant extract (XVM1 * ). On the other hand, the expression profile of these genes in XVM1 condition showed a lower expression level (Fig. 2) . It was interesting to observe that the expression of carB was not statistically different in XVM1 and XVM1 * but was higher in planta. carB, a Carbamoyl-phosphate synthase, acts in the biosynthesis of arginine (Zhuo et al. 2015) , which has been considered as a factor involved in the virulence of Xanthomonas (Ficarra et al. 2015) . These results show that plant extract cannot always replace in planta conditions. Although several studies have used synthetic media to mimic the apoplastic environmental or media containing molecules of the host (plant extract) to evaluate gene expression and protein abundance (Mehta and Rosato 2001; Tahara, Mehta and Rosato 2003; Astua-Monge et al. 2005; Kim et al. 2016) , in vivo conditions should be always preferred whenever possible, since they provide the biochemical and spatial complexity of the apoplastic environmental, and include the dynamic changes in apoplast composition (Soto-Suárez et al. 2010; Tsuge, Furutani and Ikawa 2014; Chatnaparat, Prathuangwong and Lindow 2016; Rashid, Ikawa and Tsuge 2016) .
CONCLUSION
Currently, there are numerous studies related to Xcc, but there are still countless questions about the mechanisms of pathogenicity. As mentioned above, the ideal system to be used in plant-pathogen interaction studies is still in planta; however, there are some disadvantages such as the need for plant growth and the small amount of bacterial cells recovered from plant leaves. Moreover, in our previous proteomic studies using the in planta system (Andrade et al. 2008; Santos et al. 2017) , several plant proteins were observed, which probably interfered in the detection of bacterial proteins, especially when liquid chromatography-mass spectrometry was used.
In this study, we demonstrated that XVM1 * medium presented a better match to in planta conditions than did the other tested media. The expression levels of several genes analyzed were similar in XVM1 * (in the presence of leaf extract) and in planta. The results also showed that NYG can be used as the control condition in post-genome studies, since pathogenicity genes are in general not induce in this medium or are induced in a very low level.
